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Abstract. Linear trend analysis of observational data combined with model diagnostics from an
atmospheric general circulation model are employed to search for potential mechanisms related to
the observed glacier retreat in the tropical Andes between 1950 and 1998. Observational evidence
indicates that changes in precipitation amount or cloud cover over the last decades are minor in most
regions and are therefore rather unlikely to have caused the observed retreat. The only exception is in
southern Peru and western Bolivia where there is a general tendency toward slightly drier conditions.
Near-surface temperature on the other hand has increased significantly throughout most of the tropi-
cal Andes. The temperature increase varies markedly between the eastern and western Andean slopes
with a much larger temperature increase to the west. Simulations with the ECHAM-4 model, forced
with observed global sea surface temperatures (SST) realistically reproduce the observed warming
trend as well as the spatial trend pattern. Model results further suggest that a significant fraction of
the observed warming can be traced to a concurrent rise in SST in the equatorial Pacific and that the
markedly different trends in cloud cover to the east and west of the Andes contributed to the weaker
warming east of the Andes in the model. The observed increase in relative humidity, derived from
CRU 05 data, is also apparent in the model simulations, but on a regional scale the results between
model and observations vary significantly. It is argued that changes in temperature and humidity
are the primary cause for the observed glacier retreat during the 2nd half of the 20th century in the
tropical Andes.
1. Introduction
20th century climate change in the tropical Andes (Figure 1) is poorly documented
because of inadequate spatial and temporal data coverage. The recession of tropical
Andean glaciers throughout this century, however, indicates that such a change is
indeed under way. In the tropical Andes of Peru 10 glaciers have been monitored
since 1932, all retreating between 590 m and 1910 m through 1994 (Ames, 1998).
Many of these glaciers may completely disappear within 50 years if current cli-
matic conditions prevail (Brecher and Thompson, 1993; Hastenrath and Ames,
1995; Ames and Hastenrath, 1996; Francou et al., 2000; Ramirez et al., 2001).
There is clear evidence that the glacier retreat has accelerated over the last two
decades, as documented on the Qori Kalis glacier in Peru, where the rate of retreat
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Figure 1. Location of the study area (5◦ N–25◦ S; 85◦ W–60◦ W). Dark shaded areas represent
elevations >3000 m.
was nearly 3 times as fast between 1983 and 1991 (13.8 m yr−1) as between 1963
and 1978 (4.9 m yr−1) and the rate of volume loss was over seven times as great
(290,000 m3 yr−1 as compared to 2,155,000 m3 yr−1) (Brecher and Thompson,
1993). On the Antisana glacier in Ecuador mass balance measurements indicate an
average negative mass balance of 600–700 mm yr−1 during the last decade, and in
Bolivia the Chacaltaya glacier lost 60% (93%) of its ice volume between 1940 and
1983 (1998) (Francou et al., 2000, 2003).
Since this evidence of glacier recession shows a very coherent pattern through-
out the tropical Andes, it is reasonable to assume that it is associated with a
large-scale climatic forcing, rather than caused by micro-climatic effects. In most
instances this retreat has been attributed to a general warming of the tropical
troposphere, leading to increased melting and a generally negative glacier mass
balance (i.e., Thompson, 2000). Even though such a warming has recently been
confirmed for the tropical Andes (Vuille and Bradley, 2000), and rising temperature
may be the most likely candidate to explain the retreat over the last few decades
(Kaser, 1999), glaciers may also suffer from a negative mass balance due to neg-
ative trends in precipitation and/or enhanced absorption of solar radiation due to
a decrease in cloudiness. A decrease in precipitation and convective cloud cover,
for instance, most likely led to a negative glacier mass balance and thus to the
initial breakup of the ice cap on Mt. Kilimanjaro at the end of the last century
(Hastenrath, 2001) and has also led to glacier retreat in the Cordillera Blanca, Peru
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between 1930 and 1950 (Kaser and Georges, 1997). Besides changes in tempera-
ture, precipitation or cloud cover, a negative glacier mass balance may also be the
result of an increased water vapor content leading to a change in sensible and latent
heat transfer (Hastenrath and Kruss, 1992a,b). Energy balance studies on glaciers
in Bolivia have shown that increased humidity in near surface levels, leading to
a reduction of the vapor pressure difference between snow and air, will reduce
sublimation but increase melt (Wagnon et al., 1999a,b). To sublimate snow, how-
ever, requires about 8 times as much energy as to melt it, so an increased humidity
content in near surface levels will likely lead to higher overall ablation rates. This
process is particularly important in dry environments such as the subtropical Andes
(Kaser, 1999).
For all these parameters (cloud cover, precipitation, near-surface temperature
and humidity), which influence the energy and mass balance of tropical glaciers,
sufficient data are now available to attempt a first analysis of trends and step
changes that might have occurred over the second half of this century, 1950–
1994. In some cases we provide additional information for changes during the
last two decades (1979–1998), because (a) this period is associated with an ac-
celerated retreat of many Andean glaciers, (b) new satellite-derived products are
available (e.g., OLR) and (c) it allows for a comparison with diagnostics from a
new high-resolution Atmospheric General Circulation Model (AGCM) simulation.
Using such model runs cannot replace the interpretation of observational data, but
if model results and observations match, the models might provide additional in-
formation, which could help to attribute a particular change in climate to its causal
mechanism.
In the next section we present the data we used in this study and the methods that
we applied. In Section 3 we present the results of the trend analysis separately for
convective activity and cloud cover, precipitation, temperature and relative humid-
ity. In Section 4 we employ an AGCM to investigate the mechanisms that might
have caused the observed climate change. Section 5 includes a discussion of the
results and ends with some concluding remarks.
2. Data and Methods
The precipitation data was extracted from a database, which has in part already
been presented by Vuille et al. (2000a,b). We used the 42 longest and most re-
liable records with monthly resolution for the time period 1950–1994 to analyze
trends in precipitation. All data form part of the national meteorological networks
in Ecuador, Peru, Bolivia, Chile and Argentina. All data had previously been error-
checked and, if necessary, homogenized, as outlined in Vuille et al. (2000a,b).
Besides checking all trends for statistical significance they were also analyzed for
spatial coherence and elevation dependence.
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The temperature analysis consists of an update of a recent study (Vuille and
Bradley, 2000) and includes new data over southern and central Peru, now totaling
277 stations from 0 to 5000 m a.s.l. between 1◦ N and 23◦ S. Again all the data
form part of the national meteorological networks, but unlike the precipitation
data, many temperature records are short and cover only a few years. Rather than
presenting individual station trends, we therefore chose to aggregate the data into
one long time series (1950–1994) representative of the entire Andean range. We
used the first difference method (Peterson et al., 1998), which allows the use of all
available data without referencing it to a common base period. Because the Andes
represent such a powerful divide for the lower-tropospheric flow separating the
world’s most arid desert (Atacama) to the west from the humid Amazon basin to
the east, temperature trends were also analyzed as a function of elevation and the
aspect of the slope. This was achieved by binning the data into 1000 m elevation
zones and differentiating between the eastern and western slope below 2500 m.
Only trends over the last 36 years (1959–1994) are presented for this analysis,
because insufficient data were available for some elevation zones before 1959. In
addition we use temperature data from the Climatic Research Unit (CRU) 05 data
set (New et al., 2000). The data consists of monthly mean temperature interpolated
from station records onto a global 0.5◦ latitude × 0.5◦ longitude grid, covering land
areas only. Although data are available starting in 1900, we only analyzed trends
for the second half of this century (1950–1994), when the data is more reliable and
to make the results comparable with the other analyses.
Several cloud cover data sets exist, which can be used to assess changes in
cloud cover over the past decades. The International Satellite Cloud Climatology
Project (ISCCP) contains the most comprehensive data set, but unfortunately it is
not very well suited for linear trend analysis because of its short duration (start in
July 1983) and the lack of an independent confirmation of the long-term calibration
(e.g., Rossow and Schiffer, 1999). Highly reflective cloud (HRC) satellite data, is
a good and frequently used proxy for convective cloud cover over the tropics (e.g.,
Waliser et al., 1993), but it does not take into account low- and mid-level cloud
cover. Here we use monthly outgoing longwave radiation (OLR) data available
since 1974 on a 2.5◦ latitude × 2.5◦ longitude grid and corrected for potential
biases due to differences in equator crossing times among the various polar orbiting
satellites (Waliser and Zhou, 1997; Lucas et al., 2001). OLR is sensitive to the
amount and height of clouds over a given region and time and has been applied
in a number of studies to investigate tropical convection and convective cloud
cover over tropical South America (e.g., Chu et al., 1994; Kousky and Kayano,
1994; Aceituno and Montecinos, 1997; Liebmann et al., 1998; Chen et al., 2001).
In the presence of deep convective clouds, the satellite sensor measures radiation
emitted from the top of the clouds, which are high in the atmosphere and thus cold,
leading to low OLR values. In the case of clear sky conditions on the other hand,
high OLR values reflect radiation emitted from the earth’s surface and the lower
atmosphere. In the absence of convective clouds, OLR is thus strongly influenced
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by other processes, such as changes in surface temperature, low-level cloud cover
or water vapor content (e.g, Waliser et al., 1993). We therefore only interpret trends
in regions with a mean seasonal OLR value <240 Wm−2, a threshold often used
to distinguish convective from non-convective regions, as a change in convective
cloud cover (e.g., Morrissey, 1986). While this threshold does not allow an analysis
in regions and at times when cloud cover is generally rare (e.g., sub-tropical Andes
in JJA), it minimizes potential biases due to boundary layer processes in regions of
low cloud coverage.
Changes in relative humidity between 1950 and 1994 were investigated using
data from the Climatic Research Unit (CRU) 05 data set. Relative humidity (RH)











where es is the saturated vapor pressure. While temperature (T ) is a primary vari-
able, vapor pressure (e) is based on synthetic data using predictive relationships
with primary variables if no station input is available (New et al., 2000). Consider-
able caution should thus be exercised when interpreting results based on this data
alone.
All analyses were done separately for each season (DJF, MAM, JJA, SON),
but in most cases only results for the annual mean and austral summer (DJF) and
winter (JJA) are shown and discussed. We put special emphasis on the results from
the wet season (DJF), because energy and mass balance studies on tropical Andean
glaciers indicate that the major mass loss occurs during the wet season; that is,
accumulation and ablation seasons tend to coincide (e.g., Ribstein et al., 1995;
Wagnon et al., 1999a,b; Francou et al., 2000; Wagnon et al., 2001; Francou et al.,
2003). Trends were computed using an ordinary least squares regression and tested
against the null hypothesis that the trend is not significantly different from 0 at the
95%-confidence level (F-test). All significance levels are adjusted by reducing the
degrees of freedom due to serial correlation (persistence) of the data (Weatherhead
et al., 1998).
Once the main trends have been identified in the observational time series, we
employ an AGCM to diagnose possible mechanisms that underlie the observed
changes in Andean climate. We use the ECHAM-4 model, which is based on a
hybrid sigma-pressure coordinate system and was run with triangular truncation
at both wavenumbers 30 (T30 ∼ 3.75◦ lat. × 3.75◦ lon.) and 106 (T106 ∼ 1.1◦
lat. × 1.1◦ lon.), including 19 vertical layers from surface to 30 hPa. Both model
experiments were run with modern boundary conditions and forced with observed
global sea surface temperature (SST) fields (GISST 2.2, Global sea-Ice and Sea
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Surface Temperature). While greenhouse gas concentrations were kept at a con-
stant modern level in the T106 run, these levels were adjusted annually in the T30
experiment. The two simulations were run for an unequal length of time, which
should be kept in mind when comparing output between the different simulations.
ECHAM-4 T30 is the longer run, starting in 1903, but we limit our analysis to
the period 1950–1994, for which the SST forcing is more reliable and the model
performance can be evaluated more realistically using observational data. The
ECHAM-4 T106 experiment only covers the last two decades, 1979–1998. The first
year in both runs was discarded to avoid data problems with model equilibration
during spin-up time. The model performance has been analyzed in great detail
over both the tropical Americas and the tropical Andes (Vuille et al., 2003a,b).
While both experiments realistically reproduce the mean state and the observed
spatiotemporal variability of South American climate on interannual timescales,
the rather coarse resolution of the T30 simulation is inadequate to resolve important
spatial features over the high Andean terrain. We therefore limit our discussion of
the T30 simulation to trends in temperature, which is spatially more coherent than
the other variables. Clearly, these GCM runs are not designed to detect climate
change in the tropical Andes, but they are helpful tools that can provide additional
insight into possible forcing mechanisms associated with a changing climate. If the
models are able to reproduce the trends as seen in the observational data, this would
emphasize the crucial role of global or regional SST forcing on tropical Andean
climate, since it is the only major forcing (besides greenhouse gas concentrations,
adjusted annualy in the T30 experiment) included in these simulations.
3. Observations
3.1. CLOUD COVER AND CONVECTION
Figure 2 shows the trend in OLR between 1979 and 1998 for the annual mean
(Figure 2a), austral summer (DJF, Figure 2b) and austral winter (JJA, Figure 2c).
The annual mean trend pattern (Figure 2a) reveals that OLR has decreased slightly
north of approx. 10◦ S (henceforth referred to as inner tropics) indicating an in-
crease in convective cloud cover. The trend however is weak, not surpassing 0.1 to
0.3 W m−2 yr−1, and not reaching statistical significance. The largest change (up
to 0.55 W m−2 yr−1) has occurred during austral summer, DJF, when the OLR
decrease is significant in some limited areas to the east of the Andes over the
Amazon basin (Figure 2b). This observed slight increase in convective activity and
cloud cover in the inner tropics is consistent with earlier studies over the Amazon
basin reaching similar conclusions (e.g., Chu et al., 1994; Chen et al., 2001). South
of 10◦ S (henceforth referred to as outer tropics) the trend is reversed, featuring an
increase in OLR. This pattern however is more difficult to interpret because OLR
in the outer tropics is only a good proxy for convective activity and cloud cover
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Figure 2. Trends in outgoing longwave radiation (ECT-corrected OLR). (a) Trend in annual mean
OLR (1979–98), (b) as in (a) but for DJF, (c) as in (a) but for JJA. Contour interval is 0.1 W m−2
yr−1; negative contours are dashed. Thick black line indicates seasonal OLR threshold (240 Wm−2)
to distinguish convective from non-convective regions. Regions where the trend is significantly
increasing (decreasing) at the 95%-confidence level are shaded in dark (light) gray.
during the rainy season (DJF). There is indeed a slight increase in OLR in the outer
tropics during DJF (Figure 2b), which may be indicative of reduced cloud cover
and enhanced subsidence. This notion is consistent with results by Wielicki et al.
(2002) and Chen et al. (2002) reporting intensified upward motion and cloudiness
in equatorial-convective regions and drier and less cloudy conditions in subtropical
subsidence regions in the 1990s, although questions have been raised about the
reality of these variations (Trenberth, 2002). The larger fraction of this positive
OLR trend in the outer tropics and along much of the Andean range, however,
is a result of significant positive departures during the winter dry season (JJA,
Figure 2c). At this time of the year, convective cloud cover is rare as indicated
by the equatorward displacement of the 240 W m−2 threshold and OLR is sensitive
to boundary layer processes, such as vapor content or surface temperature. The
positive trend in OLR over the Andes in JJA therefore most likely does not or does
not only reflect a change in convective cloud cover.
3.2. PRECIPITATION
Since OLR has been described as a good proxy for precipitation over tropical South
America (i.e., Liebmann et al., 1998), it is worthwhile investigating whether the
observed weak long-term changes in OLR are accompanied by contemporaneous
trends in precipitation (e.g., Morrissey and Graham, 1996). Figure 3 shows this
change (in mm yr−1) as recorded by 42 stations in the tropical Andes between
1950 and 1994 (45 years). Overall there is little spatial coherence between the
various station trends and no clear pattern of increasing or decreasing precipitation
emerges. On the regional scale a weak tendency toward increased precipitation
in northern Peru, between 5◦ S and 11◦ S for both the annual sum (Figure 3a)
and the seasonal patterns (Figures 3b–c) emerges. In southern Peru and along the
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Figure 3. Trends in station precipitation (mm yr−1) between 1950 and 1994 for (a) annual sum,
(b) DJF, (c) JJA. Upward (downward) pointing triangles indicate an increase (decrease) in precipita-
tion. Note different scaling in (c). Filled (open) triangles indicate that the trend is (not) significant at
the 95%-confidence level. (d) As in (a) but trend in annual precipitation (in % yr−1) versus elevation.
(e) As in (d) but for DJF, (f) as in (d) but for JJA. Stations below ∼2500 m are represented by squares
(western slope) and diamonds (eastern slope); stations above 2500 are shown as circles. Trend shows
change (in % yr−1) compared to long-term mean (1950–1994) precipitation. Filled (open) symbols
indicate that the trend is (not) significant at the 95%-confidence level.
Peru/Bolivia border most stations indicate a precipitation decrease for the annual
total and during the main rainy season DJF (Figure 3b). In JJA most stations indi-
cate an increase in precipitation, in particular the lowland stations to the east of the
Andes and the Altiplano region of northern Bolivia and southern Peru (Figure 3c).
Even in the case of a coherent regional signal however, individual station trends
are mostly insignificant. Of the 42 stations analyzed only 5 (2) show a significant
increase (decrease) in the annual precipitation amount. Furthermore one needs to
take into account that several stations are located very close to one another and are
thus not truly independent records, because they capture the same local climatic
signal.
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Since the precipitation amount varies with elevation, it is worthwhile to inves-
tigate whether the precipitation trend shows any signs of elevation dependence
as well. In Figures 3d–f the trend in precipitation (in % yr−1) is plotted versus
elevation for the same 42 stations as in Figure 3a–c, with a subdivision into records
from the eastern and western slope below 2500 m. No sign of elevation depen-
dence is evident from Figure 3. Positive as well as negative trends occur at all
elevations between 0 and 5000 m, although unfortunately stations in the 1000–
2000 m elevation range are missing. The larger trends at lower elevations reflect
the dry conditions of the Pacific coast where small changes in the absolute amount
of rainfall lead to larger relative trends. During the JJA dry season there is a slight
bias toward wetter conditions, with 27 (13) stations indicating a positive (negative
trend), but no dependence on elevation is apparent.
3.3. TEMPERATURE
Figure 4a shows the annual mean temperature deviation from the 1961–1990 long-
term mean in the tropical Andes between 1950 and 1994, based on 277 stations
between 1◦ N and 23◦ S ranging from 0 m to 5000 m a.s.l. Temperature in the
tropical Andes has increased by 0.15 ◦C decade−1 since 1950. This long-term trend
is superimposed on strong interannual variability associated with ENSO. Based on
a very similar dataset Vuille and Bradley (2000) calculated a warming of 0.10–
0.11 ◦C decade−1 between 1939 and 1998 and of 0.32–0.34 ◦C decade−1 between
1974 and 1998, indicating almost a tripling of the warming rate over the last 25
years.
The CRU05 data set, subsampled to match the location of station records used
in Figure 4a, shows a very similar interannual variability, but a significantly lower
overall warming trend of 0.09 ◦C decade−1 (Figure 4b). When the trends are seg-
mented into different elevation zones, based on 1000 m intervals with ±500 m
overlap, it becomes apparent that the lower warming trend in the CRU05 data is
primarily due to a reduced warming along the western Andean slope (0.03–0.15 ◦C
decade−1, Figure 5b) when compared to the Vuille and Bradley (2000) data (0.21–
0.37 ◦C decade−1, Figure 5a). While the vertical bars in Figure 5 represent the
1000 m elevation zone for which the trend is valid, the horizontal bars indicate the
95% confidence limits for the trend and extend two standard errors of estimate on
either side; that is, all trends whose horizontal bars do not intersect with the 0 ◦C
decade−1 trend abscissa are significant at the 95% level. The trends are generally
higher and more significant in the Vuille and Bradley (2000) data (Figure 5a), but
both data sets indicate a warming trend at all elevations, except on the eastern
slopes, where the trend is insignificant (Vuille and Bradley, 2000, Figure 5a) or
even negative (CRU05, Figure 5b) below 1000 m. Overall the lower elevations
on the Pacific side have experienced the greatest warming while the temperature
increase on the eastern slopes has been rather moderate. The higher elevations
show a warming of approximately 0.05–0.20 ◦C decade−1, with a warming trend
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Figure 4. Temperature trend and annual departure from 1961–1990 average (± one standard devia-
tion) in the tropical Andes (∼1◦ N–23◦ S) between 1950 and 1994 based on (a) 277 station records
(modified from Vuille and Bradley, 2000), (b) CRU05 data and (c) ECHAM-4 T30 simulation. Trends
in (b) and (c) are based on sub-sampling of grid cells to match location of station records used in (a).
that is slightly decreasing with elevation above 3500 m in both data sets. This
vertical structure of the temperature trend is different from what is observed in
Tibet or the European Alps, where the warming is more pronounced at higher
elevations. However, the high altitude warming in those regions is probably related
to a decrease in spring snow cover, lower albedo values and a positive feedback
on temperature (i.e., Liu and Chen, 2000). This mechanism is not as important in
a tropical environment, where only a few mountain peaks reach above the 0 ◦C
isotherm at ∼5000 m, and, due to the lack of thermal seasons, there is no ‘winter’
and ‘spring’ snow cover, which could influence the thermal regime in a way similar
to that in the mid-latitudes (Kaser and Georges, 1999).
3.4. HUMIDITY
A significant increase in near-surface and tropospheric humidity over the last
decades has been reported from both the eastern and western tropical Pacific
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Figure 5. Mean annual temperature trend (◦C decade−1) as a function of elevation (m a.s.l.) based
on (a) observations (1959–1994, modified from Vuille and Bradley, 2000), (b) CRU05 (1959–1994).
Vertical bars indicate elevation range (1000 m) for which trend is valid. Horizontal bars are 95% con-
fidence limits for the trend (i.e., all trends whose error bars do not intersect with the 0 ◦C decade−1
abscissa are significant at the 95% confidence level). Results in (b) are based on sub-sampling to
match station coverage in (a), that is only grid cells which contain station data in (a) are considered.
and tropical South America (Gutzler, 1992; Curtis and Hastenrath, 1999a,b) but
changes over the tropical Andes have not been assessed so far. Here we present
the change in relative humidity based on the CRU05 data set (New et al., 2000)
between 1950 and 1994 (Figures 6a–c). In addition we also show trends for a short,
more recent, time period (1979–1995, Figures 6d–f), which will be used to assess
the model performance in Section 4.1. Changes over the last 45 years are most sig-
nificant along the Andean range, featuring an increase in relative humidity between
0.0 and 2.5% decade−1, with the most prominent positive trend in northern Ecuador
and southern Colombia, while in southern Peru, western Bolivia and northernmost
Chile the increase is more moderate (0.5–1.0% decade−1). Overall the trends are
very similar in all seasons with only slight modulations during winter and summer
(Figures 6b–c). Given the significant increase in temperature and the rising relative
humidity levels, it follows that vapor pressure (or specific humidity) has increased
significantly throughout the Andes as well (not shown). To the east of the Andes
the trends are much lower or even negative, especially during the last two decades
(Figures 6d–f). During this more recent time period only the Andean range shows
a positive trend, with a significant increase limited to central Peru (Figure 6d).
This decrease in relative humidity to the east of the Andes and over the western
Amazon basin is hard to reconcile with the observed increase in convective activity
(Figure 2) and is also in contradiction with other reports suggesting that humidity
levels have increased in this region (e.g., Chen et al., 2001). Clearly caution should
be exercised in the interpretation of the humidity trends shown in Figure 6 since the
gridded CRU05 data over South America is partially interpolated from synthetic
data (New et al., 2000). Nonetheless these results suggest that the near-surface
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Figure 6. Trend in relative humidity (CRU 05) between 1950 and 1994 (top row) and 1979 and 1995
(bottom row) for annual average (left column), DJF (middle column) and JJA (right column). Contour
lines are 0.5% decade−1; negative contours are dashed. Regions where the trend is significantly
increasing (decreasing) at the 95%-confidence level are shaded in light (dark) gray. Figures have
been smoothed with a 3 × 3 averaging filter.
moisture increase in the tropical Andes is not just due to rising temperatures but
reflects an overall increase in both absolute and relative terms.
3.5. SUMMARY OF OBSERVATIONS
The observational evidence presented in the previous sections has revealed some
significant changes in the surface climate of the tropical Andes over recent decades.
OLR data indicates that convective cloud cover has increased slightly during DJF,
especially in the inner tropics, while the significant positive OLR trends in JJA
are difficult to interpret. The significance of the results is further limited by the
short time series of available ECT-corrected OLR data, which in our analysis only
covers 20 years (1979–1998). Nonetheless the trends in cloud cover are consistent
with other reports of observed decrease in OLR over the Amazon basin (Chu et al.,
1994; Chen et al., 2001) and are also in general accordance with the results from the
precipitation analysis indicating a weak tendency toward increased precipitation
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in northern Peru and a slight decrease in southern Peru. Overall the precipitation
trends are weak, only a few stations meet the 95%-significance criteria, and the
trends do not show any elevation-dependence. Furthermore the interpretation of the
spatial pattern is somewhat hampered by the unequal distribution of the available
station records.
Temperature shows an average warming of 0.09–0.15 ◦C decade−1 between
1950 and 1994 with most of the warming taking place after the mid 1970s. The
lower elevations to the west of the Andes have experienced the greatest warming,
while the warming to the east is only moderate in the Vuille and Bradley (2000)
data set and even negative in the CRU05 data set below 1000 m. The higher eleva-
tions show a warming which is higher than that on the eastern but lower than on the
western slopes. The results are consistent with observations further to the north in
the Andes of Colombia and Venezuela (Quintana-Gomez, 1999) and further to the
south in the Andes of Chile (Rosenblüth et al., 1997), both reporting a warming of
similar magnitude. An apparent discrepancy exists between our results, indicating
a significant warming even at highest elevations between 4000 m and 5000 m,
and the observed slight decrease in tropical freezing levels between 1979–1997
(Gaffen et al., 2000). Most likely these differences are real, indicating a differential
warming of near-surface and free-air tropospheric temperatures at similar eleva-
tion. Whatever the cause for this difference may be, it shows the need for a dense
surface observational network to monitor and detect climate change. Radiosonde
and MSU data are clearly limited in their capacity to detect temperature trends at
high elevation in the tropics.
Concurrent with the temperature increase, the relative humidity in near-surface
levels has increased as well, by 0–2.5% decade−1 between 1950 and 1994. This
increase in relative humidity shows that the absolute humidity increase is larger
than what could be expected from a temperature increase alone.
The observed glacier retreat throughout the last decades in the tropical Andes
has usually been related to increasing temperatures (i.e., Thompson, 2000). Given
the fact that there has indeed been considerable warming over the last 5 decades
even at the highest elevations, and that the increase has accelerated, concurrent with
an enhanced retreat of the glaciers after the mid 1970s (Brecher and Thompson,
1993; Francou et al., 2000), this assumption seems reasonable. Higher tempera-
tures also lead to a higher rain-snow line and glaciers will thus increasingly be
exposed to rain in the ablation area. In addition our results suggest that increased
humidity in near surface levels might have accelerated this retreat through in-
creased melt rates. Caution should be exercised however in the interpretation of the
humidity trends because the gridded CRU05 data over South America is partially
interpolated from synthetic data (New et al., 2000). Long-term on-site observations
of near-surface humidity are needed to confirm this notion of a positive humidity
trend.
Changes in precipitation and cloud cover on the other hand can be ruled out with
a high degree of confidence as major contributing factors. In the inner tropics the
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cloud cover trend has clearly gone the other way and would favor a glacier advance.
The positive OLR trend during the dry season on the other hand is probably less
important because (a) cloud cover is minimal over the Andes at this time of the
year, and (b) the major mass loss of tropical glaciers occurs during the wet season,
DJF (e.g., Ribstein et al., 1995; Wagnon et al., 1999a,b, 2001; Francou et al., 2000,
2003). Precipitation amounts have changed little over the last 45 years, although
there are several reports which indicate a precipitation increase on a regional scale
to the east of the Andes, such as in Ecuador during the MAM rainy season (Vuille
et al., 2000a), NW-Argentina (Villalba et al., 1998) or the lowlands of Bolivia
(Ronchail, 1995). The only region where precipitation trends might have had a
negative impact on glacier mass balance seems to be southern Peru, but even here
the trends are weak and mostly insignificant.
4. Model Results
Since observations and CRU05 data indicate that changes in temperature and hu-
midity are the most likely candidates to explain the current glacier retreat, we focus
on these two variables in the next section. We employ the ECHAM-4 AGCM to
investigate the following questions: First we test whether the model is capable
of simulating the observed increase in temperature and humidity as well as the
markedly differing temperature trends to the east and the west of the Andes (Sec-
tion 4.1). If this is the case we will then search for potential mechanisms, which
could explain this differential warming as well as the simulated overall temperature
and humidity increase in the tropical Andes (Section 4.2).
4.1. TEMPERATURE AND HUMIDITY SIMULATION
Figure 4c shows the simulated interannual variability and long-term trend of air
temperature in the tropical Andes as simulated by the ECHAM-4 T30 model be-
tween 1950 and 1994. To facilitate the comparison with the Vuille and Bradley
(2000) (Figure 4a) and the CRU05 (Figure 4b) time series, the simulated temper-
ature in Figure 4c was averaged over grid cells subsampled to match the location
of stations used in Figure 4a. Clearly the interannual variability is very similar
between observations and model, with El Niño (La Niña) years standing out promi-
nently as warm (cold) anomalies. The overall warming trend is comparable to the
CRU05 trend but significantly lower than in the Vuille and Bradley (2000) data.
The markedly different warming to the east and the west of the Andes is also
reproduced in the ECHAM model (Figures 7a,b). The T30 (1950–1994) simulation
(Figure 7a) shows the strongest warming to the west of the Andes along the Pacific
coast (0.1–0.15 ◦C decade−1), and an insignificant warming or even a cooling (–
0.05–+0.05 ◦C decade−1) to the east, consistent with the observational evidence.
The much shorter experiment at T106 resolution (1979–1998) also reproduces the
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Figure 7. Temperature trend for (a) ECHAM-4 T30 (1950–1994), (b) ECHAM-4 T106 (1979–1998).
Contour interval is 0.05 ◦C decade−1; negative contours are dashed. Regions where the trend is
significantly increasing at the 95%-confidence level are shaded in gray. Figure 7b has been smoothed
with a 3 × 3 averaging filter.
slight cooling along the eastern slope but the warming over the Andes is as strong
as and more significant than that along the Pacific coast (Figure 7b). This becomes
more evident when the trends are examined separately for 1000 m elevation zones,
again subsampled to match the location of observational station records. Because
the spatial resolution in the T30 simulation is too coarse to accurately represent
the Andean topography we only show the results for the high-resolution simulation
T106 (Figure 8a). Even though the time periods between observations (1959–1994)
and the ECHAM-4 T106 model (1979–1998) are different, the vertical structure of
the temperature trend in Figure 8a is remarkably similar to the observational results
(Figure 5). The differential warming of the eastern and western slopes is clearly
reproduced by the model even though the temperature increase below 2000 m on
the Pacific side seems to be underestimated. The most notable differences between
model and observations include the increased warming up to the highest elevations,
not apparent in the two observational data sets and the generally stronger (although
mostly insignificant) warming in the model, which can be attributed to the more
recent time period over which the model was integrated (1979–1998).
The markedly different warming to the east and the west of the Andes is not
restricted to near surface levels but apparent throughout the lower and middle
model troposphere (Figure 9). Interestingly however, this feature is not apparent
in all seasons but caused by a very strong east-west gradient in the trend in JJA. At
this time of the year the warming is significant throughout the model troposphere
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Figure 8. (a) Mean annual temperature trend (◦C decade−1) as a function of elevation (m a.s.l.) based
on ECHAM-4 T106 simulation (1979–1998). Vertical bars indicate elevation range (1000 m) for
which trend is valid. Horizontal bars are 95% confidence limits for the trend (i.e., all trends whose
error bars do not intersect with the 0 ◦C decade−1 abscissa are significant at the 95% confidence
level). Results are based on sub-sampling to match station coverage in Figure 5a, that is only grid
cells which contain station data in Figure 5a are considered. (b) as in (a) but for JJA total integrated
cloud cover (in % decade−1) in ECHAM-4 T106 simulation. Note that scale for x-axis is reversed in
Figure 8b).
in both simulations to the west of the Andes, while to the east a cooling is ap-
parent below ∼850 hPa and the warming is less than to the west and insignificant
throughout the entire troposphere (Figures 9c,f). We discuss potential causes for
this markedly different trend to the east and the west of the Andes in JJA in the
next section.
Figures 10a–c show the trend in relative humidity based on the ECHAM-4 T106
model experiment between 1979 and 1995, to facilitate comparison with the obser-
vational trend shown for the same time period in Figures 6d–f. The model results
indicate a strong NE–SW gradient across the Andes. The NE part of the Andes
show a modest increase in mean annual relative humidity ranging between 0 and
2.5% decade−1 over the last 20 years. Negative trends occur along the western
Andean slope in southern Peru and northern Chile (Figure 6a). The general rising
trend over most of the Andes is consistent with the observational results from the
CRU05 data set (Figures 6d–f), but otherwise there is little resemblance between
observations and model results. This is especially apparent to the east of the Andes,
where the model simulates the largest increase in relative humidity (in particular
during JJA, Figure 10c), while the trends in the observations are mostly negative.
The model may not be able to accurately simulate the observed changes in relative
humidity, but the humidity increase to the east of the Andes seems nonetheless
more consistent with the observed increase in convection over a comparable time
period (Figure 2a), or reports of increased specific humidity levels over the Amazon
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Figure 10. Trend in relative humidity (in % decade−1, top row) between 1979 and 1995 and total
cloud cover (in % decade−1, bottom row) between 1979 and 1998 based on ECHAM-4 T106 simula-
tion. Trends are shown for annual mean (left column), DJF (middle column) and JJA (right column).
Contour interval is 0.5%, negative contours are dashed and regions where humidity or total cloud
cover has significantly increased (decreased) at the 95% confidence level are shaded in light (dark)
gray. Figures have been smoothed with a 3 × 3 averaging filter.
basin (e.g., Chen et al., 2001) than with the negative trends in the observational
data.
4.2. TEMPERATURE TRENDS, CLOUD COVER AND TROPICAL SST
The reason for the differential trends along the eastern and western slopes is not
clear, but worthy of further investigation. Since convective activity has increased
over tropical South America to the east of the Andes (Figure 2), it is reasonable to
assume that the markedly different temperature trends may be affected by changes
in cloud cover as well. The observed increase in convective cloud cover to the
east of the Andes may have dampened the near-surface warming through a re-
duction of incoming shortwave radiation, while this effect is probably of minor
importance over the arid western slopes of the Andes. The east-west difference
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in the temperature trend is most apparent in JJA (Figure 9), and indeed the largest
increase in total cloud cover (in % decade−1) has occurred in JJA (Figure 10f) and is
located to the east of the Andes, where the cooling in the model is most pronounced
(Figures 9c,f). This close relationship between cloud cover and temperature trends
is even more apparent when the JJA change in total cloud cover is plotted versus
elevation, subsampled the same way as for temperature in Figure 8. JJA cloud cover
trends (Figure 8b) closely mirror the trends in annual temperature (Figure 8a).
On the eastern slopes where temperature trends are the lowest, cloud cover has
increased the most and vice-versa. The correlation between annual temperature and
JJA cloud cover trends based on individual grid cells is –0.61, significant at 99.9%
level, if subsampled over the Andes. However, the simulated temperature trends
are slightly positive everywhere, despite the general cloud cover increase. This
indicates that cloud cover changes may have modified or dampened the observed
warming trend in particular to the east of the Andes, but it does not explain the
overall warming trend. These results however should be interpreted with caution
because there is ample evidence suggesting that the correct model simulation of
clouds is difficult (Trenberth, 2002). For example the simulated cloud cover in-
crease in JJA (Figure 10f) is not apparent in the OLR data (Figure 2) although the
general cloud cover increase is certainly consistent with the notion of enhanced
convective activity in the inner tropics.
Since the general warming trend in the tropical Andes as well as the spatial
pattern is correctly simulated by the ECHAM-model, and the model is only forced
with observed global SST, it is plausible to assume that SST may play a role in
the observed warming. The climate in the tropical Andes is closely related to SST
in the central equatorial Pacific on interannual timescales, with both precipitation
and temperature showing distinct departures from the mean during El Niño and
La Niña events (e.g., Vuille, 1999; Vuille et al., 2000a,b, Garreaud and Aceituno,
2001; Garreaud et al., 2003). To further illustrate this relationship, the first Principal
Component (PC #1) of temperature anomalies in the Andes of Ecuador (Figure 11a,
Vuille et al., 2000a) and PC #1 of vapor pressure anomalies in the study area based
on the CRU05 data (Figure 11b) are plotted against SSTA in the NINO4 region.
Temperature and vapor pressure lag NINO4 SSTA by approximately 1 month,
which indicates that they are forced by SSTA in the central equatorial Pacific.
At the same time sea surface temperature has increased considerably in the trop-
ical Pacific domain over the last decades (e.g., Casey and Cornillon, 2001). It is
therefore reasonable to assume that the observed climate change in the tropical
Andes may, at least in part, be caused by a concurrent change in the tropical
Pacific. To further investigate this hypothesis and to see what fractions of the
simulated warming trends are linearly congruent with a contemporaneous change
in the tropical Pacific, we regressed simulated monthly near-surface temperature
anomalies onto standardized monthly anomalies of the NINO4-index and then
multiply the regression coefficients by the trend in the NINO4-index (0.0021 ◦C
month−1 between 1979–1998). This yields an estimate of the fraction of the trend
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Figure 11. Correlation of NINO4-index with (a) PC #1 of Ecuadorian Andes temperature anom-
alies (Vuille et al., 2000a) between 1963 and 1992 and (b) PC #1 of tropical Andes vapor pressure
anomalies (CRU05, 1963–1992). Thick lines are low pass-Hamming weights filtered.
which can be attributed solely to the warming in the NINO4 region. The signature
of the NINO4-index (Figure 12b) is clearly reflected in both the spatial pattern and
the sign of the simulated trend (Figure 12a). Roughly 50–70% of the simulated
warming along the Pacific coast is linearly congruent with the trend in the NINO4
region and can be attributed to warming in the central equatorial Pacific. Similarly
the cooling to the east of the Andes is not caused by the NINO4 trend alone,
but clearly the linearly congruent trend is weakest in the same places where the
simulation shows a negative trend. Hence the east-west difference in the simulated
temperature trend can in part be attributed to the warming in the central equatorial
Pacific. The strong simulated warming at high elevation in southern Peru (>0.30 ◦C
decade−1) however, is a feature which does not seem to be strongly related to an
increase in tropical SST.
5. Summary and Conclusions
Linear trend analysis of observational data and model diagnostics from an at-
mospheric general circulation model are used to search for potential mechanisms
related to the observed glacier retreat in the tropical Andes between 1950 and 1998.
Changes in precipitation amount or cloud cover are minor in most regions and
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Figure 12. (a) Annual mean temperature trend (in ◦C decade−1) and (b) the contribution of the
NINO4 index to the trend (in ◦C decade−1) in the ECHAM-4 T106 simulation between 1979 and
1998. Contour interval is 0.05 ◦C decade−1 in (a) and 0.025 ◦C decade−1 in (b); negative contours
are dashed. Negative values are shaded in dark gray, values >0.1 are shaded in light gray. Figures
have been smoothed with a 3 × 3 averaging filter.
it is therefore rather unlikely that these factors have caused the observed retreat.
Near-surface temperature and humidity levels on the other hand have increased
significantly throughout the tropical Andes, although long-term on-site measure-
ments will be needed to validate the CRU 05 humidity data in the tropical Andes.
The temperature increase varies markedly between the eastern and western Andean
slopes with a much larger temperature increase to the west. Simulations with the
ECHAM-4 model, forced with observed global sea surface temperatures (SST)
realistically reproduce the observed warming trend as well as the spatial trend pat-
tern. The increase in relative humidity is also apparent in the model simulations, but
on a regional scale the results between model and observations vary significantly.
Model results further suggest that a significant fraction of the observed warming as
well as the spatially varying trend can be traced to a concurrent rise in SST in the
equatorial Pacific. This is consistent with results from a modeling study by Diaz
and Graham (1996), who showed that the observed changes in tropical freezing
level heights are most likely caused by an increase in tropical SST. The model
results further suggest that markedly different trends in cloud cover to the east and
west of the Andes may have further modified this spatially varying trend across the
Andes.
Recent observations from the Bolivian Andes suggest that humidity, which gov-
erns sublimation; precipitation, whose variability controls the albedo of the glacier
and cloudiness, which controls the incoming long-wave radiation, may be more
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important factors than temperature, to explain the observed mass loss of tropical
glaciers (e.g., Wagnon et al., 2001). However, all these meteorological variables
are strongly interconnected, and temperature, integrating all these fluxes, is signifi-
cantly correlated with mass balance on time-scales of years and longer (Francou et
al., 2003). Therefore, air temperature remains a relevant variable to explain glacier
mass balance evolution and is a good indicator for climate change, which might
affect long-term mass balance trends.
We emphasize that it is important to separate the general trend of receding
glaciers from interannual glacier movement, which shows both phases of advance
and recession. In this context it is noteworthy that the last two phases of glacier
advances in the early 1970s and most recently since 1999 (G. Kaser, personal com-
munication) both coincide with persistent cold La Niña conditions in the tropical
Pacific. This behavior renders further support for the notion that tropical Andean
glaciers are closely linked to the climate of the tropical Pacific, and react to SST
changes that persist for a few years with a very short time-lag. The main reason for
this close association is that the response to SSTA in the tropical Pacific is either a
cold/wet (La Niña) or warm/dry (El Niño) signal in the Andes, but hardly ever is it
warm/wet or cold/dry (Vuille, 1999; Vuille et al., 2000a,b). Thus the SST signal in
the tropical Pacific is amplified over the tropical Andes in the sense that it shows a
thermal and a hydrologic response, which both act in favor of (La Niña) or against
(El Niño) a positive glacier mass balance.
An obvious limitation of this study is the lack of data for the first half of this
century. The climatic trends shown in this study are limited to the last five decades
and accordingly they can only explain the glacier retreat over this time interval.
The initial glacier recession in the tropical Andes however started much earlier, in
the second half of the 19th century, and its causes are unknown.
Despite the new insight into climate change issues in the tropical Andes that our
study was able to provide, this kind of analysis cannot replace field programs with
detailed energy and mass balance measurements. Such field studies are needed to
improve our understanding of tropical glacier – climate relationships and should
be expanded to monitor future changes in the tropical Andes.
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